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Description
FIELD OF THE FNVENTION

[0001] Seismic refraction data analysis for fracture
characterization has been developed. In one embodi-
ment, the azimuthal variation of refracted travel time is
used as a method to detect and show influence of azi-
muthal anisotropy. This aids in the detection of fractured
or stressed zones and can be used to monitor reservoir
and overburden fractures or stress state.

BACKGROUND OF THE INVENTION

[0002] Manyreservoirsintheworld are stressed and/or
fractured in nature. Characterization of those stresses
and/or fractures can help to detect an oilfield. Further, it
can help to optimize well placement and increase pro-
ductivity of existing fields. One way of characterizing
stresses and fractures of the subsurface reservoirs is us-
ing well log data. But generally well log data gives limited
information in afield to a region around the well and there-
fore has limited spatial resolution. On the other hand,
seismic data samples the entire reservoir spatially.
Therefore, estimation of stress and fracture parameters
using seismic data is an important development.

[0003] One way of seismically characterizing stress
and fractures is by detecting and analyzing seismic ani-
sotropy. Presence of horizontal stress differential and/or
vertical fractures with nearly uniform strike direction
makes a medium transversely isotropic with horizontal
axis of symmetry (HTI). HTI medium shows simplest form
of azimuthal anisotropy with respect to seismic wave
propagation. Generally, seismic waves travel faster
along the fracture strike direction and slower perpendic-
ular to the strike direction of the fractures in an HTI me-
dium. Utilizing this property, in current practice, travel
time and amplitude (separately and/or together) variation
of reflected seismic energy with azimuth is used to char-
acterize fracture property from seismic data (both travel
time and amplitude).

[0004] While reflected energy only samples a small ar-
ea in the Fresnel zone from the target layer, refraction
energy samples significantly more area of the target layer
as it travels long distances in the target layer. Therefore,
effect of anisotropy is significantly more pronounced on
the refracted wave than the reflected wave from the target
fractured layer. Hence, one can argue that the refracted
energy analysis should provide better understanding of
azimuthal seismic anisotropy than reflected energy. The
uses of refracted energy to characterize fractures are
very uncommon and there is a need to develop a meth-
odology to characterize seismic anisotropy using refract-
ed seismic energy. Theoretically, Landro and Tsvankin
(2007), Sil and Sen (2009) show that, some properties
of the refracted energy (e.g. critical angle, critical offset
etc) vary with azimuth in an azimuthally anisotropic me-
dium. Even though most of the time reflected seismic
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energy is used to characterize fractures, use of refracted
energy to characterize fractures is still uncommon. " A
new direction for shallow refraction seismology: integrat-
ing amplitudes and travel times with the refraction con-
volution section", Palmer D, European Association of Ge-
oscientists and Engineers 2002, pp657-673 describes
the use of refraction travel times in shallow seismic and
deriving azimuthal anisotropic parameters from the re-
fraction travel time and correlating changes in anisotropic
parameters to one or more reservoir models to identify
fractures. US 5073 876 relates to the processing of multi-
fold seismictraces. WO 2006/028501 relates to a method
of utilizing three-dimensional land or ocean bottom cable
(OBC) seismic data to predict the location of shallow drill-
ing hazards such as karsting and voids in near subsur-
face formations. MARIATATANOVAET AL: "Head-wave
monitoring with virtual sources" discloses an application
of Virtual Source Method for head waves propagating
along an underground reservoir and in order to assess
its feasibility for reservoir monitoring.

[0005] There is a need to develop a methodology to
characterize seismic anisotropy using refracted seismic
energy.

BRIEF SUMMARY OF THE DISCLOSURE

[0006] The invention relates to a method to identify
fractures in a hydrocarbon reservoir according to claim 1.
[0007] A method of azimuthal anisotropy property es-
timation which is linked to a fractured or differential stress
system is presented from refraction seismic data. The
method is demonstrated on multi-azimuth refracted data
from a synthetic model generated by a one dimensional
reflectivity code. Using these synthetics it has been
shown that (1) refracted waves carry significant informa-
tion from the anisotropic target and can be detected in
the difference plot of different azimuth data, (2) velocity
of refracted waves vary with azimuth significantly, and
(3) we can estimate anisotropic parameters using refract-
ed waves from the multi-azimuth travel time data.
[0008] A work flow is developed to determine aniso-
tropic parameters and fracture strike directions at the tar-
get level. This information can be used to i) detect oil
reservoirs, ii) spot naturally fractured, hence high pro-
duction zones, iii) detect dominant natural stress direc-
tions, iv) better place horizontal wells to optimize produc-
tion, v) monitoring man made fractures or induced direc-
tional stress changes. Combined with horizontal drilling
technology, this can dramatically and positively change
the economics of conventional and unconventional re-
source plays.

[0009] Thedisclosure more particularly includes deter-
mination of anisotropic parameter ¢ (Thomsen, 1986, and
Ruger, 2001) and fracture strike direction at each refrac-
tion bin in the reservoir. The concept of Common Refrac-
tion Point (CRP) is defined in this process.

[0010] This invention provides a method to identify
fractures in a hydrocarbon reservoir as defined in the
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claims. In one embodiment, fractures are identified in a
hydrocarbon reservoir by transmitting seismic source
signals into the earth; receiving seismic signals with two
or more geophones in different azimuth; recording
source-receiver records to a computer processor com-
prising a user interface and a storage medium; pre-
processing each pair of source-receiver records for each
azimuth around one or more common source signals,
including: applying linear move-out, removing dipping
signals, extracting refraction travel time, and removing
linear move-out; deriving anisotropic parameters from re-
fraction travel time; and correlating changes in anisotrop-
ic parameters to one or more reservoir models.

[0011] In another embodiment, fractures are identified
in a hydrocarbon reservoir by transmitting two or more
seismic signals into a seismic reservoir; receiving two or
more seismic signals at one or more geophones; record-
ing source-receiver records to a computer processor
comprising a user interface and a storage medium; pre-
processing each pair of source-receiver records for each
azimuth around one or more common receivers, includ-
ing: applying linear move -out, removing dipping signals,
extracting refraction travel time, and removing linear
move- out; deriving anisotropic parameters from refrac-
tion travel time; and correlating changes in anisotropic
parameters to one or more reservoir models.

[0012] In yet another embodiment, fractures are iden-
tified in a hydrocarbon reservoir by transmitting two or
more seismic signals into a seismic reservoir; receiving
two or more seismic signals at two or more geophones;
recording source-receiver records to a computer proces-
sor comprising a user interface and a storage medium;
binning multiple source-receiver records in which the re-
fracted wave passes through a common point in the tar-
get reservoir, pre-processing each pair of source-receiv-
er records for each azimuth, including: applying linear
move -out, removing dipping signals, extracting refrac-
tion travel time, and removing linear move-out; derive
anisotropic parameters from refraction travel time; and
correlating changes in anisotropic parameters to one or
more reservoir models.

[0013] In some instances a different wave-mode may
be used to record anisotropic seismic signals. Typically
this method may be applied when a lower velocity over-
burden exists; when the reservoir has a small critical an-
gle; and/or when the refractions have narrow incidence
angles. Additionally multiple azimuths may be plotted si-
multaneously in a difference plot to identify areas of high-
er fracturing. A grid search and/or optimization algorithm
may be applied to derive and/or invert one or more ani-
sotropic parameters.

[0014] This method requires arelatively faster seismic
velocity in the target layer than its overburden in order to
obtain a refracted energy from the target layer. In certain
cases, assuming vertically propagated fractured zones
or vertical continuity of the stresses, the method can be
applied to shallower faster layers to infer information
about a deeper target that may not itself provide refrac-
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tions.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] A more complete understanding of the present
invention and benefits thereof may be acquired by refer-
ring to the follow description taken in conjunction with the
accompanying drawings in which:

FIG. 1: lllustration of reflected and refracted waves.
Refracted wave travels horizontally along the inter-
face with the velocity of the target layer. Reflected
wave only reflects from a narrow Fresnel zone at the
target layer.

FIG. 2: lllustration of variation of direction of refracted
wave from one shot (dot) to two receivers (triangles)
in an HTI medium. Receiver along the 0° azimuth
direction is parallel to the HTI symmetry axis (slower
velocity); Receiver along the 90° azimuth direction
is perpendicular to the symmetry axis (faster veloc-
ity).

FIG. 3: Synthetic seismogram for 0 degree azimuth
(w.r.t. HTI symmetry axis) slow direction (left panel),
90 degree azimuth fast direction (middle panel) and
their difference (right panel) for an isotropic overbur-
den and HTI target layer. Difference plot helps to
identify strong linear refracted signals in large offset
due to anisotropy (between 1000 to 1250 ms, in right
panel). We also see much weaker reflected signals
due to anisotropy just after the refracted signal.
FIG. 4: A typical seismic receiver gather from field
data showing the refracted energy from the reservoir.
FIG. 5: Variation of refracted P-wave travel time with
offset and azimuth for a common receiver gather.
FIG. 6: Derived anisotropic parameter ¢ and fracture
strike direction over the target reservoir map. Length
of the arrow is proportional to the value of ¢ (strength
of anisotropy) and direction points to fracture strike
direction.

FIG. 7: A schematic for generating one Common Re-
fraction Point (CRrP). Parallel NW- SE lines are all
the shots and triangles show three example receiv-
ers. For each receiver, a line of shots with different
azimuthsis highlighted as bold dots. The intersection
of three lines (bold dots) indicates a CRrP location.
FIG. 8: Derived anisotropic parameter ¢ and fracture
strike direction over the target reservoir map using
CRrP technique. Length of the arrow is proportional
to the value of € and direction points to fracture strike
direction.

DETAILED DESCRIPTION

[0016] Turning now to the detailed description of the
preferred arrangement or arrangements of the present
invention, it should be understood that the inventive fea-
tures and concepts may be manifested in other arrange-
ments and that the scope of the invention is not limited
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to the embodiments described or illustrated. The scope
ofthe invention is intended only to be limited by the scope
of the claims that follow.

[0017] As shown in FIG. 1, the travel path of reflected
and refracted waves from a target horizon (or reservoir).
Upon reaching the target medium the refracted energy
travels in the target layer and as a result refracted waves
carry much more travel time and amplitude information
about the target layer than the reflected wave which just
reflects locally off the top of the layer. The main condition
to reach the critical angle and form refracted waves is
that the P-wave velocity above the target layer is slower
than the P-wave velocity in the target layer.

[0018] In a 3D shooting geometry, the energy from
each source will propagate in different azimuthal direc-
tions. FIG. 2 shows how refracted energy will travel in
two different azimuth directions in a 3D geometrical set-
ting. If the target layer is an HTI medium, refracted waves
will travel faster along 90° azimuth (fracture strike or max-
imum horizontal stress direction), and slower along 0°
azimuth (perpendicular to the fast direction). Here the
azimuths are with respect to the symmetry axis of an HTI
medium.

[0019] The effect of anisotropy recorded from these
two azimuthal directions will be captured in the refracted
wave travel times. To demonstrate this: FIG 3 shows a
plot of synthetic seismograms for a multi-layered case,
where the overburden is isotropic and the target layer is
HTI. Left panel of FIG 3 shows synthetic P-wave seis-
mograms from the 0° azimuth, middle panel shows the
synthetic P-wave seismogram for the 90° azimuth, and
the left panel shows the difference between them. It is
clear from this plot that the difference (signature of ani-
sotropy) is more for the refracted energy than the reflect-
ed energy. This phenomenon is true for any azimuthally
anisotropic medium and not affected by the overburden
even if it is anisotropic. This is also true for any other
mode of waves (converted, shear, surface wave etc).

Materials and Methods

[0020] A standard work flow of estimating seismic frac-
ture parameters (seismic anisotropy parameters) is de-
scribed below. FIG. 4, shows a typical vertical component
receiver gather seismic data recorded in a 3 component
receiver. Note that the observed data does not require
any special instrumental arrangement, and can be re-
corded in any standard recording systems (e.g. single
component, multi-component, ocean bottom node etc).
Refracted energy is clearly observed in this receiver gath-
er from the target reservoir. Some pre-processing is ap-
plied before extracting the refracted travel time from the
observed signal.

[0021] Pre-processing stepsinclude (butnotlimited to)
application of linear move out (estimated from the slope
of the refracted signal or from external information of the
velocity of the target layer), applying frequency-wave-
number (or other) filtering to remove dipping signals, ex-

10

15

20

25

30

35

40

45

50

55

traction of travel time (using first break picking, or cross
correlation or other technique), and removal of the ap-
plied linear move out. This process is repeated for every
pair of source and receiver for every azimuth (where re-
fraction signalis visible). Additionally, preprocessing may
be required to remove heterogeneity in the overburden
and dip correction for reservoir features.

[0022] Extracted refraction travel time information is
used to derive the anisotropic parameters and fracture
characterization.

[0023] Amongstmany potential methods, we show two
different methods that are used to extract anisotropic in-
formation from the collected refracted travel time data.

Method 1:

[0024] In the first method observed refracted travel
times are sorted based on one receiver and multiple shot
offsets and azimuths (FIG 5). Then using an equation
derived by Sil and Sen (2009) anisotropic parameter ¢ (a
measure of fracture strength) and fracture strike direction
is derived for the receiver location. A grid search algo-
rithm is applied in this case to derive these parameters.
Note that any inversion/optimization method can be used
to derive those parameters from the extracted data
shown in FIG 5. Similarly the extraction method is not
limited to the equation derived by Sil and Sen (2009).
Any other complicated or simple form of equation de-
scribing refracted travel time variation with azimuth for
an anisotropic medium (e.g. Landro and Tsvankin, 2007)
can be used for this purpose. Extracted fracture strike
and ¢ values at each receiver location are plotted over
the reservoir in FIG 6.

Method 2:

[0025] In another embodiment a different sorting tech-
nique is used to derive anisotropic (and fracture) param-
eters more precisely. In this sorting or binning technique
data is selected from multiple shots and receivers such
that the refracted wave passes through a common point
in the target reservoir in different directions or azimuths.
This point is called Common Refraction Point (CRrP).
FIG 7 shows a simplified example of the method with
only 3 receivers. For each receiver, a line of shots along
three different azimuths is selected. The intersection of
the three lines indicates the considered CRrP location
with refraction travel time data from three azimuths. In
practice this is actually applied to all the relevant receiv-
ers with refractions to get anisotropy information from a
large range of azimuths making the inversion for anisot-
ropy strength and direction robust at each CRrP location.
The advantage of the CRrP technique is it sees variation
of velocity with azimuth in a considerably smaller or lo-
calized area. Once data is selected for each CRrP the
same optimization (grid search) technique as in Method
1 can be applied to detect anisotropic parameters and
displayed in the same manner (FIG 8).
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[0026] It has been shown that: 1) refracted travel time
contains HTI anisotropy signals from a target anisotropic
layer, 2) Refracted travel times vary with azimuth due to
azimuthal anisotropy in the target layer, 3) Two methods
to robustly obtain anisotropic parameter ¢ and fracture
direction from the refracted wave is demonstrated.
[0027] Inclosing, it should be noted that the discussion
of any reference is not an admission that it is prior art to
the present invention, especially any reference that may
have a publication date after the priority date of this ap-
plication.

[0028] Although the systems and processes described
herein have been described in detail, it should be under-
stood that various changes, substitutions, and alterations
can be made without departing from the scope of the
invention as defined by the following claims. Those
skilled in the art may be able to study the preferred em-
bodiments and identify other ways to practice the inven-
tion that are not exactly as described herein. It should be
noted and understood that there can be improvements
and modifications made of the present invention de-
scribed in detail above without departing from the scope
of the invention as set forth in the accompanying claims.
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Claims

1. A method to identify fractures in a hydrocarbon res-
ervoir comprising:

a) either (i) transmitting one or more seismic
source signals into the earth; and receiving one
or more seismic signals at two or more geo-
phones; or (ii) transmitting two or more seismic
source signals into the earth, and receiving two
or more seismic signals at one or more geo-
phones;

b) recording source-receiver records to a com-
puter processor comprising a user interface and
a storage medium;

C) pre-processing each pair of source-receiver
records for each azimuth, including:

(i) applying linear move-out,

(ii) removing dipping signals,

(iii) extracting refraction travel time, and
(iv) removing linear move-out;

d) deriving azimuthal anisotropic parameters
from refraction travel time and fracture strike di-
rection for geophone location; and

e) correlating changes in anisotropic parame-
ters and the fracture strike direction to one or
more reservoir models to identify fractures.

2. Amethod accordingto claim 1 wherein, after the step
of recording source-receiver records and prior to the
step of pre-processing each pair of source-receiver
records, the method includes the step of binning mul-
tiple source-receiver records in which the refracted
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wave passes through a common point in the target
reservoir.

A method comprising one of claims 1-2 comprising
one or more of the following conditions:

a) wherein a lower velocity overburden exists;
b) wherein the reservoir has a small critical an-
gle; or

c) wherein the refractions have narrow inci-
dence angles.

A method comprising one of claims 1-3, wherein mul-
tiple azimuths are plotted simultaneously in a differ-
ence plot.

A method comprising one of claims 1-4, wherein a
grid search algorithm, optimization algorithm or both
are applied to derive or invert the anisotropic param-
eters.

Patentanspriiche

Verfahren zum Ildentifizieren von Briichen in einem
Kohlenwasserstoffreservoir, umfassend:

a) entweder (i) Ubertragen von einem oder meh-
reren seismischen Quellsignalen in die Erde;
und Empfangen von einem oder mehreren seis-
mischen Signalen an zwei oder mehreren Geo-
phonen; oder (ii) Ubertragen von zwei oder meh-
reren seismischen Quellsignalen in die Erde,
und Empfangen von zwei oder mehreren seis-
mischen Signalen an einem oder mehreren Ge-
ophonen;

b) Aufzeichnen von Quelle-Empfanger-Auf-
zeichnungen an einem Computerprozessor, der
eine Benutzerschnittstelle und ein Speicherme-
dium umfasst;

c) Vorverarbeiten von jedem Quelle-Empfan-
ger-Aufzeichnungspaar fir jeden Azimut, ein-
schlieend:

(i) Anwenden von linearem Auszug,

(i) Entfernen von Sondensignalen,

(iii) Extrahieren der Refraktionsverschie-
bungszeit, und

(iv) Entfernen von linearem Auszug;

d) Ableiten von anisotropen Azimutparametern
aus Refraktionsverschiebungszeit und Bruch-
stoRrichtung fiir den Geophon-Standort; und
e) Korrelieren von Veranderungen bei anisotro-
pen Parametern und der BruchstofRrichtung in
einem oder mehreren Reservoir-Modellen, um
Briiche zu identifizieren.
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2,

Verfahren nach Anspruch 1, wobei nach dem Schritt
des Aufzeichnens von Quelle-Empféanger-Aufzeich-
nungen und vordem Schrittdes Vorverarbeitens von
jedem Quelle-Empfanger-Aufzeichnungspaar das
Verfahren den Schritt der Kategorieeinstufung von
mehreren Quelle-Empféanger-Aufzeichnungen ein-
schliel3t, in dem die refraktierte Welle durch einen
gemeinsamen Punkt im Zielreservoir durchgeht.

Verfahren umfassend einen der Anspriiche 1 - 2,
umfassend eine oder mehrere der folgenden Bedin-
gungen:

a)wobei eine niedrigere Geschwindigkeitstber-
lastung besteht;

b) wobei das Reservoir einen kleinen kritischen
Winkel aufweist; oder

c) wobei die Refraktionen schmale Einfallwinkel
aufweisen.

Verfahren umfassend einen der Anspriiche 1 - 3,
wobei mehrere Azimuts gleichzeitig in einem Diffe-
renzplan geplottet werden.

Verfahren umfassend einen der Anspriiche 1 - 4,
wobei ein Rastersuchalgorithmus, Optimierungsal-
gorithmus oder beides angewendet wird, um die an-
isotropen Parameter abzuleiten oder umzukehren.

Revendications

1.

Procédé d’identification de fractures dans un réser-
voir d’hydrocarbures comprenant :

a) soit (i) la transmission d’un ou plusieurs si-
gnaux de source sismique dans la terre ; et la
réception d’'un ou plusieurs signaux sismiques
au niveau de deux ou plusieurs géophones ; soit
(ii) la transmission de deux ou plusieurs signaux
de source sismique dans la terre, et la réception
de deux ou plusieurs signaux sismiques au ni-
veau d’un ou plusieurs géophones ;

b) I'enregistrement d’enregistrements source-
récepteur sur un processeur informatique com-
prenant une interface utilisateur et un support
de stockage ;

c) le prétraitement de chaque paire d’enregis-
trements source-récepteur pour chaque azimut,
incluant :

(i) 'application d’'un mouvement de sortie
linéaire,

(ii) la suppression de signaux d’'immersion,
(iii) 'extraction du temps de trajet de réfrac-
tion, et

(iv) la suppression du mouvement de sortie
linéaire ;
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d) la dérivation de paramétres d’anisotropie azi-
mutale du temps de trajet de réfraction et de la
direction de fracture pour I'emplacement du
géophone ; et

e) la corrélation entre les variations des para-
meétres d’anisotropie et la direction de fracture
par rapport a un ou plusieurs modeéles de réser-
voir pour identifier les fractu res.

Procédé selon la revendication 1 dans lequel, aprés
I'étape consistant a enregistrer des enregistrements
source-récepteur et avant I'étape de prétraitement
de chaque paire d’enregistrements source-récep-
teur, le procédé inclut I'étape consistant a regrouper
plusieurs enregistrements source-récepteur dans
lesquels I'onde réfractée traverse un méme point
dans le réservoir cible.

Procédé comprenant 'une quelconque des revendi-
cations 1-2 comprenant une ou plusieurs des con-
ditions suivantes :

a) dans lequel un mort-terrain de vitesse infé-
rieure existe ;

b) dans lequel le réservoir présente un petit an-
gle critique ; ou

c) dans lequel les réfractions présentent des an-
gles d’'incidence étroits.

Procédé comprenant 'une quelconque des revendi-
cations 1-3, dans lequel plusieurs azimuts sont tra-
cés simultanément dans une représentation graphi-
que différentielle.

Procédé comprenant 'une quelconque des revendi-
cations 1-4, dans lequel un algorithme de recherche
sur grilles, un algorithme d’optimisation ou les deux
sont appliqués pour dériver ou inverser les parame-
tres d’anisotropie.

10

15

20

25

30

35

40

45

50

55

12



Receivar

EP 2 917 857 B1

Sourca

HTI symmetry

s
s

s
e
A

s s
S i
S o
S i
st e
s, i
st s
S i
s s
S i
st e
s, i
st s
S i
s s
S i
st e
s, i
st s
S i
s s
S i
st s
R i
SRS o
i o
s o
s o
s i
T, o
e i
S o
e i
S o
s, i
st s
s s

S \ e
&&&&&&&&N\ e
A e
A e
A e
Qﬁﬁmmmmm“mm\\&\\ S S
gy LT S
s

2
S

FIG 1

Z
S
S

.h»ﬁ.&\\ e e

&y S e
S e

]
H

S e
e s
S e
s e
S e
PN e e
e S e
e s
s e e
S
S s
S e s s S

. \\xw .
7 \A\\\\\wwx\\w

7
%

2

FIG



EP 2 917 857 B1







EP 2 917 857 B1

fuzj &

1"

X g}

2000 4000 B000 8000 10000 12000 14000 16000 18000

1]

FIG 6






EP 2 917 857 B1

- L R4l v 7 L b ke & 4 L - & - Lt £ @
L * ' L "4 4 rd - - - ” L4 Ld v 4 o« - »,
g
e £ Pl P I 7 ¥ s Fa v - o~ - s 7 ra 7 A E
—
I v v ” & ”~ P > 7 v ’ - - ' & b d v
- & - rd v s 4 - # - 7 g " - ” # # #
L2 ”~ - - b4 v I v s - - ¢ ¥ - v v -~ o~
2
- - ’ v - rs s - g o Fd & & ' F'd ¥ v L
L4 - - hd g - - L4 L4 - v 4 £ s - - 4 o
# P # Y v 4 ’ ” -~ # -~ o’/// / / 7
- - ra & - ¥ e - ” o’ - / i’/ / /c P P
a
£ v 4 & ' ~ v - ’ v ﬁ/ / #/ / / - v “# A
& 7 - 7 - - P & H/{/ / / s -~ & o
S A ’
v 4 7’ &£ L & s - -~ & L' 4 - 4
réad
2
~ td L4 Fd o // // . v 4 Vs & -~ rd & s
w
& - < d/ {!// L Fd 4 4 s s - o~ & #
£ « #‘// / / 4 < - - - v v 4 - # &
4 4/ /// rd "4 s rd - - -~ 4 g 4 bl P
l;))
- - i - » -, + b4 =
&j’ d'// / & 4 rs s rd LS
/.ﬂ’/ / / Ld 4 P4 -~ P b -~ L4 4 r's o “ - o
4 I < £ ”~ N 4 e - v ' # '3 - v o Vs -~
4 v s 7’ ' ~ + ~ 4 L v ' - ”» - - 'd -
el
I ” v s v s L - > ’ s 4 s -~ -~ 7’ #2
r > -~ ¥ v ' v ' i4 d L4 - I 4 ' L ” v
7 » ’ ~ -~ ~ r'd - s » s -~ w & L4 - P4 £
«©3
L4 - rd v s < & L 7 - Fd v £ L L L - v
<
i,
=3
Vs -« ” » - - -’ ” e r ~ v v ’ g reeeggeecceccy ’ﬁ
P * - ¢ -+ - o v i4 »” # R4 Ld & v - # e

i &

13

N (g

FIG 8



EP 2 917 857 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

US 5073876 A [0004]

WO 2006028501 A [0004]

US 6864890 B [0029]

US 2004041815 A, Meek and Anno [0029]
US 6904368 B [0029]

US 7355923 B [0029]

US 2004093163 A [0029]

US 2005207278 A [0029]

Non-patent literature cited in the description

PALMER D. A new direction for shallow refraction
seismology: integrating amplitudes and travel times
with the refraction convolution section. European As-
sociation of Geoscientists and Engineers, 2002,
657-673 [0004]

MARIA TATANOVA et al. Head-wave monitoring
with virtual sources [0004]

DIEBOLD ; STOFFA. The traveltime equation, tau-p
mapping, and inversion of common midpoint data.
Geophysics, 1981, vol. 46, 238-254 [0029]
LANDRO et al. Seismic critical-angle reflectometry:
A method to characterize azimuthal anisotrophy?.
Geophysics, May 2007, vol. 72 (3), D41-D50 [0029]
SIL ; SEN. Seismic critical-angle anisotropy analysis
in the x-p domain. Geophysics, July 2009, vol. 74 (4),
A53-A57 [0029]

14

WO 2004044617 A, Reshef [0029]

US 8077546 B [0029]

US 20090274005 A, Hansteen and Wills [0029]
US 20120250459 A [0029]

EP 2506039 A, Sil [0029]

US 65600111, Zhou and Sil [0029]

CN 102053260, Tang and Ma [0029]

ZADEH et al. 4D critical angle analysis using Valhall
LoFS data. SEG Expanded Abstracts, 2010, vol. 29,
4145 [0029]

HANSTEEN et al. Time-lapse Refraction Seismic
Monitoring. SEG Expanded Abstracts, 2010, vol. 29,
4170 [0029]

HANSTEEN et al. Refraction Monitoring Shows
Promise In Heavy Oil Field [0029]

DERECKE PALMER. A new direction for shallow re-
fraction seismology: integrating amplitudes and
traveltimes with the refraction convolution section.
Geophysical Prospecting, 06 November 2001, vol.
49, 657-673 [0029]



	bibliography
	description
	claims
	drawings
	cited references

